Abstract: On the basis of the mathematical model proposed before, the phase and stress state of the shape memory rod during torsion and following heating has been determined. Non-uniform distribution of residual stresses induced by a change of the phase structure under loading decreases after heating due to material returning to the initial phase state.
I. INTRODUCTION
Stress and strain tensors are common characteristics used in thermomechanical models for a quantitative description of deformation and heat transfer in solids. Such description is convenient if changes of parameters of nonmechanical processes in a system (concentration, phase structure, temperature) are caused by volume change only. At the same time, it is known that there are such processes in solids that essentially depend not only on the change of volume (hydrostatic pressure), but also on the change of the volume of the element shape related to the second invariant of stress and strain tensors. This holds true mainly for the phase transformations caused by shear stresses.
The behaviour of solids with the above-mentioned changes of internal structure is expedient to describe using the invariants of stress and strain tensors which can be taken as independent state parameters [1] . The invariant approach allows taking separately into account the influence of both spherical (volume change) and deviator (shape change) parts of stress and strain tensors on the phase structure of the system. On the basis of the above-stated reasons a macroscopic thermodynamic model for the quantitative description of deformation of isotropic solids has been formulated. In the model the phase transformations caused by the influence of tension-compression and shear are described [2] [3] [4] . In doing so, the well-known methods of solid mechanics and thermodynamics of irreversible processes were used.
In the present work the behavior of the circular rod made of shape memory alloy is investigated with the use of a corresponding mathematical model. The martensite phase is first formed in the rod due to shear stresses. Subsequent heating causes martensite to be transformed into austenite.
II. MODEL PRINCIPLES
The used thermodynamic approach is based on the hypothesis of thermodynamic equilibrium. Like the state parameters describing thermal processes, absolute temperature T and specific entropy S are chosen. Martensitic transformation is characterized by martensite content Ξ and specific affinity of transformation A [5] . The me- 
Modelling of
Here ρ is the density of material.
Expanding free energy F in power series in case of a small deviation from the initial equilibrium non-strained state
and observing second order terms and also considering the Gibbs Eq. (1), the following system of linear equations of the state is found:
The coefficients in (2) describe certain physical properties of model material: t c is the specific heat; K is the comprehensive pressure modulus; G is the shear modulus; α is the temperature coefficient of volumetric expansion; ξ t K is the coefficient of dependence of martensitic transformation specific affinity on temperature;
β is the coefficient of volume change due to martensitic transformation;
β′ is the coefficient of shape change due to martensitic transformation; ξ K is the coefficient of dependence of martensitic transformation specific affinity on martensite content.
In the following, the material characteristics pertinent to the transformation of austenite into martensite will be denoted with index "M", while those describing the reverse transformation will be denoted with index "A".
III. CIRCULAR ROD

III.1. Torsion
Consider a long circular rod of radius R made of shape memory alloy and loaded with moment of torsion .
M It is accepted that in initial conditions the material of the rod stays in austenite (high-temperature) phase (martensite
is constant and falls in the interval where even insignificant stresses can cause the creation of martensite [5] . Let us determine the phase state of the rod formed under such loading.
It is known that such loading in the cylindrical system of coordinates with axis z directed along the rod axis leads to only one component of stress tensor z θ σ being nonzero:
The conditions for martensite transformation to take place are determined from the condition for a minimum of free energy F under martensite content Ξ at the fixed values of deformation and temperature [5] . For the problem discussed it takes the form ( )
where E is the Young modulus, and ν is the Poisson ratio. Using condition (4) and the 3-rd Eq. (2), and taking into account Eq. (3) the martensite distribution along rod radius r is found:
If we remove the applied loading, the reached phase structure in the rod (5) is observed ( 0) M = . This holds true for materials with a wide enough hysteresis loop, that is, for the materials that do not undergo reverse transformation without additional external loadings [5] [6] [7] . The residual stresses caused by phase transformation are generated in the rod because the transformation of material from austenite to martensite is accompanied by the volumetric effect [6, 7] . In the present case only one nonzero stress component survives
Heating
Now consider the change of phase structure (5) and stress state (6) of the rod after it is uniformly heated from temperature 1 T up to 2 T , and free from mechanical loading. The condition for the reverse martensite transformation in this case takes the form
where
Using the state equations (2) and condition (7), the distributions of martensite 
are obtained. Here: 
III.3. Calculations
On the basis of the developed model the distributions of martensite and residual stresses in a rod are calculated for several known shape memory alloys. Fig. 1 illustrates the distribution of martensite in the rod with radius 10 = R cm caused by the moment of torsion 50 = M kN·m. The distribution of residual stresses due to martensitic transformation is shown in Fig. 2 . The distributions of martensite and stresses after heating ( 10 = t К) are presented in Fig. 3 and Fig. 4 , respectively.
Line 1 corresponds to alloy NiTi: 10 m s
line 2 corresponds to alloy NiAl: 
IV. CONCLUSIONS
Numerical investigations show that in the rod subjected to torsion. the non-uniform phase structure and the nonuniform distribution of residual stresses caused by it are formed. After subsequent heating the stresses are reduced which can be explained as a result of reverse transformation and the phase structure approaching its initial value. It corresponds with the known data about the behaviour of shape memory alloys [6, 7] .
The developed model can serve as a theoretical basis for development of optimum modes of manufacturing and operation of constructive elements made from shape memory alloys. His research interests concern the deformable solid mechanics and optimization theory of thermomechanical processes in solids, particularly subjected to structure changes. He is author or co-author of over 90 papers in major professional journals and conference proceedings.
